Aims/hypothesis The aim of the study was to assess the effect of hyperglycaemia on regional concentrations of glucose and other substrates within the brain in nondiabetic individuals and in patients with type 1 diabetes. Methods The brain metabolites of 17 men with type 1 diabetes and 12 age-matched non-diabetic men (22-43 years old) were studied after an overnight fast (plasma glucose 9.2±3.0 vs 4.8±0.5 mmol/l, respectively). N-Acetylaspartate (NAA), creatine, choline, myo-inositol (mI) and glucose in the frontal cortex, frontal white matter and thalamus were quantified with proton magnetic resonance spectroscopy. Results In the non-diabetic participants, the glucose level was 47% higher (p<0.01) in the frontal cortex than in the frontal white matter. In contrast, this regional variation was not observed in the diabetic participants, in whom the glucose level in the frontal white matter was 64% higher (p<0.001) and in the frontal cortex 25% higher (p=0.033) than that of the non-diabetic participants. In the diabetic participants, the glucose level in each of the three regions studied correlated with fasting plasma glucose (r=0.88-0.67, p<0.01). In addition, in the diabetic participants, mI was 20% higher (p<0.001) and NAA 6% lower (p=0.037) in the frontal white matter, and mI was 8% higher (p= 0.042) in the frontal cortex, than in the non-diabetic participants. Conclusions/interpretation In type 1 diabetes, hyperglycaemia is associated with accumulation of glucose and mI in the cortex and in the white matter.
Introduction
Diabetes is a metabolic disorder that also involves the brain [1, 2] . Some individuals with type 1 diabetes develop mild cognitive impairment in executive functions, most notably as reduced mental speed and diminished mental flexibility [3] . Type 1 diabetes is also associated with circulatory alterations that can lead to regional hypo-and hyperperfusion of the brain [4, 5] and to increased risk of lacunar infarcts and stroke [6, 7] . In addition, structural changes, such as white matter hyperintensities [2] and cortical and subcortical atrophy [8, 9] , have been reported to be more frequent in individuals with diabetes. Microangiopathy and impaired brain glucose metabolism have been suggested as possible explanations for these abnormalities [1, 10] . Recurrent hypoglycaemia has generally been considered to be the reason for the functional detriment of the brain, but recent evidence has suggested possible effects of acute [11] and chronic [10] hyperglycaemia. Therefore, a better understanding of the effects and consequences of hyperglycaemia on the brain is needed in order to develop strategies for preventing diabetes-related brain disease.
Proton magnetic resonance spectroscopy ( 1 H-MRS) is a non-invasive method that can reveal metabolic changes in vivo even before functional or structural changes appear [12] . In individuals with diabetes, a decreased N-acetylaspartate (NAA):total creatine (tCr) ratio has been found in the white matter, pons and the basal ganglia, and this has been interpreted as representing dysfunction or loss of neurons [13] [14] [15] . In addition, increased myo-inositol (mI) level and mI:tCr ratios have been observed both in the cortical grey matter and in the white matter, suggesting altered cellular signal transduction [16] , osmosis [16, 17] or gliosis [18] . Finally, increased choline (Cho) in the white matter, pons and thalamus, as well as changes in the Cho:tCr ratio in the cortex, have been interpreted as an indication of increased cell membrane turnover or gliosis [13, 16, 18] . However, most of these previous studies have included a mixture of patients with type 1 and type 2 diabetes, as well as patients with ketoacidosis. The brain glucose concentration has been reported to be 2-3 mmol/l higher in diabetic than in non-diabetic individuals, not only in the parietal and occipital cortices, but also in the frontal white matter and thalamus [15, 16, 19] . Glucose concentrations have been found to be higher in the parietal than in the occipital cortex in individuals with diabetes, suggesting regional differences [15] . Thus, some parts of the brain are presumably exposed to glucose to a greater degree than others, and it is possible that tolerance to hyperglycaemia may vary regionally due to circulatory and compositional factors. The aim of this study was therefore to assess the effect of hyperglycaemia on the regional concentration of glucose and other substrates within the brains of non-diabetic individuals and patients with type 1 diabetes.
Methods
Participants Seventeen individuals with type 1 diabetes and 12 non-diabetic control individuals volunteered for the study. The participants with diabetes were recruited from the outpatient clinic of the Helsinki University Central Hospital and the non-diabetic participants by advertisements in the Helsinki metropolitan area. They were nonsmoking men, 22-43 years old, without a family history of type 2 diabetes, and with no signs or symptoms of cerebrovascular, cardiovascular, neurological or psychiatric disease, and with no history of head trauma. The diabetic participants had no history of unconsciousness due to hypoglycaemia. Previous or present alcohol abuse or drug abuse were exclusion criteria. The participants had no regular medication, except for insulin in the diabetic patients.
The participants had no clinical symptoms or signs of peripheral neuropathy. Fifteen diabetic participants had a normal urinary albumin excretion rate (<30 mg/24 h); one excreted 32 mg/24 h and another 38 mg/24 h. Retinopathy was quantified from fundus photographs by an ophthalmologist using the Early Treatment Diabetic Retinopathy Study (ETDRS) scale [20] in a blinded fashion. Three of the diabetic participants had background diabetic retinopathy, whereas the others had no signs of retinopathy.
The ethics committee of the Helsinki University Central Hospital approved the study and informed written consent was obtained from all participants.
Study design The diabetic participants were instructed to measure their blood glucose level at least seven times during the day before the study visit. Hypoglycaemic symptoms or measured hypoglycaemia (<2.9 mmol/l) in the preceding 24 h led to re-scheduling of the study visit. In the morning of the study, the diabetic patients using NPH insulin (n=5) reduced their normal dose by 50% to avoid hypoglycaemia during fasting, whereas the patients using glargine insulin (n=12) injected their normal dose.
All participants were studied after a 12 h fast. Blood pressure was measured in the sitting position after a 10 min rest. A cannula was placed in the right antecubital vein for collection of basal blood samples and for sodium chloride infusion. A retrograde cannula was placed in the left dorsal hand vein to obtain arterialised fasting plasma glucose and serum insulin samples before and after the brain imaging [21] .
Magnetic resonance imaging and spectroscopy A 1.5 T magnetic resonance imager (Siemens Magnetom Sonata, Erlangen, Germany) was used with a standard quadrature birdcage head coil for measuring changes in tissue substrate levels. T1-weighted sagittal, T2-weighted coronal and fast fluid-attenuated inversion-recovery (FLAIR) axial images were collected for morphological assessment and positioning of the proton magnetic resonance spectroscopy ( 1 H-MRS) voxels. Magnetic resonance images were evaluated by a neuroradiologist blinded to the clinical data.
Localised 1 H-MRS was performed using the point-resolved spectroscopy sequence (PRESS), chemical shift-selective (CHESS) water suppression scheme, echo time of 30 ms, repetition time of 3,000 ms, and 64 repetitions. Water-suppressed metabolite spectra were collected in the frontal cortex (25×16×20 mm 3 =8.0 ml), frontal white matter (30× 16×16 mm 3 =7.7 ml) and left thalamus region (20×20× 20 mm 3 =8.0 ml). Non-water-suppressed spectra were collected using four acquisitions in the same volumes. The spectral width of 1,000 Hz was covered by acquiring 1,024 complex data points. The data collection time was 30 min.
The spectra were analysed with Matlab 7.2 (MathWorks, Natick, MA, USA). The free induction decay (FID) was apodised with a Gaussian function with a broadening of 2.5 Hz and zero-filled up to 2,048 complex points prior to Fourier transformation. Signal intensities were evaluated by integration of the spectral regions and were automatically corrected for coil-loading and voxel size by the analysis program; receiver gain was kept constant. Of the 87 spectra collected, eight were excluded due to inadequate quality (four from the diabetic group and four from the nondiabetic group).
The quantified resonances included NAA, Cho, tCr, mI, glucose and tissue water (H 2 O), as shown in Fig. 1 . The signal intensities were evaluated by integration of the spectral regions: NAA 1.98-2.06, Cho 3.18-3.27, tCr 3.00-3.08, mI 3.52-3.60, glucose 3.40-3.46 and H 2 O 4.2-5.2 ppm. They were analysed as metabolite:H 2 O ratios to minimise the effect of random fluctuations in the intensity levels originated from the instrument or the participant [22] .
Laboratory analysis Plasma glucose was analysed with the glucose oxidase method (Beckman Glucose Analyzer II; Beckman Instruments, Fullerton, CA, USA) and fasting serum insulin with the time-resolved fluoroimmunoassay (PerkinElmer, Turku, Finland). HbA 1c was analysed by an immunoturbidimetric assay (Bayer, Tarrytown, NY, USA). Serum concentrations of triacylglycerol, total cholesterol and HDL-cholesterol were determined using enzymatic photometric assays (Roche Diagnostics, Mannheim, Germany), and LDL-cholesterol was calculated using Friedewald's formula [23] . Plasma C-reactive protein was analysed immunoturbimetrically (Orion Diagnostica, Espoo, Finland), endothelial selectin using commercial immunoassays (R&D System, Minneapolis, MN, USA) and plasma homocysteine with an enzymatic assay (Axis-Shield Diagnostics, Dundee, UK). Urinary albumin excretion rate was determined in 24 h urine collections with immunoturbidimetry (Orion Diagnostica).
Statistical methods The statistical significance of differences in variables between groups and between studied brain regions was analysed using Student's t test for continuous variables. Correlations between the brain glucose levels and plasma glucose concentrations were assessed with the Pearson correlation coefficient. Due to the small sample size, the analyses were confirmed using non-parametric tests (two-tailed Mann-Whitney U and Spearman pair-wise rank-order correlation tests), which gave similar results. Power calculations were performed based on our previous study with the 1 H-MRS [16] . With a sample size of 17 individuals with diabetes and 12 without diabetes, the study had 80% power to detect a 20% difference (9×10 −6 IU) in the brain glucose:H 2 O ratios at a two-sided significance level of 5% [24] . Data are given as means ± SD and p values <0.05 were considered statistically significant. The analyses were performed with the Sigma Stat Statistical Software SPSS 15.0 (SPSS, Chicago, IL, USA).
Results

Clinical and biochemical characteristics
The clinical characteristics of the participants are presented in Table 1 . Plasma glucose and serum insulin concentrations remained stable during the 30 min 1 H-MRS data collection. The plasma glucose concentrations before and after the data collection were 9.7±3.3 and 8.7±2.9 mmol/l (p=0.361) in the diabetic participants, and 4.7±0.4 and 4.8±0.6 mmol/l (p=0.628) in the non-diabetic participants, respectively. The serum insulin concentrations before and after the data collection were 29.6±39.9 and 31.4±44.2 pmol/l (p=0.905) in the diabetic participants and 22.8±6.7 and 17.7±6.6 pmol/l (p=0.083) in the non-diabetic participants, respectively. The mean of glucose and insulin concentrations before and after data collection were used in the analyses (Table 1) . Table 2 and Fig. 2 . In the non-diabetic participants, the brain glucose level was 47% (p<0.01) higher in the frontal cortex than in the frontal white matter. In the diabetic participants, there were no regional differences in the brain glucose levels. Compared with the non-diabetic participants, the diabetic participants had a 64% (p<0.001) higher glucose level in the frontal white matter and a 25% (p=0.033) higher glucose level in the frontal cortex (Table 2 ). There was no between-group difference in the glucose level in the thalamus ( Table 2) .
The plasma glucose concentration was correlated significantly with the brain glucose level in the frontal cortex (r=0.88, p<0.0001; Fig. 2a) , frontal white matter (r=0.78, p<0.001; Fig. 2b ) and thalamus (r=0.67, p<0.01) in the diabetic participants, but not in the non-diabetic participants. Table 2 . The diabetic participants had 20% higher mI (p<0.001) and 6% lower NAA (p=0.037) in the frontal white matter, and 8% higher mI in the frontal cortex (p= 0.042), than the non-diabetic participants. 
Brain metabolites Brain metabolite:H 2 O ratios are shown in
Discussion
We report three main findings in participants with type 1 diabetic. First, brain glucose levels were higher in diabetic participants than in non-diabetic participants and levels were correlated with fasting plasma glucose concentrations. Second, there were no regional differences in the brain glucose levels in patients with diabetes, which is in contrast to the findings in non-diabetic participants. Third, both the accumulation of glucose and the brain metabolite alterations were most pronounced in the frontal white matter. These results were obtained using a novel approach: quantification of glucose levels simultaneously in several brain regions using 1 H-MRS. The aim of this study was to investigate the effect of hyperglycaemia on the concentrations of glucose and other substrates within the brain. We therefore chose to study a well characterised and homogenous group of patients. In order to achieve this goal we tried to exclude any effects of childhood diabetes on the developing brain [25, 26] , as well as any age-related changes in the brain parenchyma, and studied specifically young adults with late-onset of type 1 diabetes. Furthermore, we included only men because brain metabolite concentrations change with the menstrual cycle in women [27] . It is of note that recurrent hypoglycaemic events [28] , accumulation of several microvascular complications, and retinopathy or polyneuropathy alone [29] [30] [31] are associated with impaired brain function. Therefore, the individuals initially eligible for this study were excluded if they had any history of severe hypoglycaemia or clinical signs of severe micro-or macrovascular complications ( Table 1 ). The impact of blood pressure, lipid profile, homocysteine, C-reactive protein, endothelial selectin and social class were assessed in order to control for factors that increase the risk of micro-and macrovascular endothelial injury [32, 33] . Nevertheless, the small number of participants and the cross-sectional study design are important limitations of this study.
1 H-MRS is the method of choice to assess regional distribution of glucose in the brain and to search for concurrent metabolic alterations. It enables the quantification of native brain glucose during fasting glycaemia without glucose infusion. It would of course be possible to estimate the absolute concentrations of glucose and metabolites, but this would require phantom measurements and correction factors, thus adding inaccuracy through assumptions. We therefore chose to use the metabolite:H 2 O ratio, which is the standard method reported in the literature on 1 H-MRS [22] . Brain glucose concentrations have previously been found to vary linearly with plasma glucose concentration in a range of 4.4 to 24.5 mmol/l in non-diabetic individuals during a hyperglycaemic clamp [34] . We did not find this association in non-diabetic individuals during fasting. The discrepancy with previous clamp data may be due to the relatively small range of plasma and brain glucose concentrations in the non-diabetic participants. We were, however, able to show a relationship between brain and plasma glucose concentrations in the frontal cortex, the frontal white matter and the thalamus during fasting (plasma glucose range 4.7-15.1 mmol/l) in diabetic individuals. This suggests that plasma glucose concentration is an important determinant of brain glucose content.
Regional differences in the brain glucose levels have previously been assessed only in the posterior parts of the brain in non-diabetic individuals, and these studies have not been able to show differences between the occipital cortex and centrum semiovale. We observed a 47% higher glucose level in the cortex than in the white matter of the frontal lobe. Compared with previous studies, our sample was more homogenous, and we studied younger individuals with a smaller age range and only men. A smaller voxel size also allowed higher tissue specificity. It is of note that the glucose level in the brain tissue is determined by its supply via blood flow, transport through the blood-brain barrier and its metabolic rate in the brain tissue. The grey matter has both a higher perfusion rate [4] and a higher oxidation rate of glucose [35, 36] than the white matter. Our finding suggests that the supply of glucose in relation to its oxidation is greater in the frontal cortex than in the white matter.
In the diabetic participants, with an average plasma glucose concentration of 9.2 mmol/l, we found no regional differences in the brain glucose levels. This is in accordance with previous studies performed in non-diabetic individuals during a hyperglycaemic clamp [34, 37, 38] . These studies did not show any differences in glucose levels between either the centrum semiovale and frontal cortex with 1 H-13 C-MRS [37] , or the centrum semiovale and occipital cortex with 1 H-MRS [34, 38] . Our findings suggest that even relatively mild hyperglycaemia not only increases brain glucose levels, but also reduces the differences between brain regions.
The difference in glucose levels between the nondiabetic and diabetic participants was greatest in the frontal white matter, which suggests that compared with the cortical grey matter and the thalamus, the white matter may be inferior in its ability to protect itself from the excess glucose. In keeping with this idea, in diabetic participants changes in brain metabolites were most pronounced in the frontal white matter. The present study cannot identify the mechanisms that underlie the different behaviour of grey and white matter, but tissue composition may play a role.
The diabetic participants had 8% higher mI in the frontal cortex and 20% higher mI in the frontal white matter than the non-diabetic participants. This is in accordance with previous studies, which have reported increased mI levels in the frontal [17] , parietal and occipital [15] cortices, and in the white matter [16] of diabetic individuals. Since mI is derived from glucose, one reason for the increased mI during hyperglycaemia may be the abundance of the precursor [38] . mI is also considered to be an intracellular second messenger and an osmoregulator [39] , and studies in rats have provided evidence that its transport into hyperosmolar brain cells is upregulated [40] .
We found a 6% decreased NAA in the frontal white matter in diabetic participants compared with non-diabetic participants. This observation replicates some [13, 15] but not all [16, 17] previous studies. NAA is a neuron-specific amino acid [41, 42] and decreased levels are related to neuronal dysfunction [43] .
Taken together, our results suggest that in type 1 diabetes, the white matter of the brain is more readily exposed to glucose than the grey matter, and they support the theory [10] of a specific vulnerability of the white matter. Longstanding type 1 diabetes is associated with deficits detectable by neurocognitive tests that are suggestive of white matter dysfunction [3] . Such cognitive decline in diabetic individuals has recently also been associated with decreased volume of the white matter [44] and with deficits in the white matter microstructure [45] . Our results suggest that hyperglycaemia per se may have a detrimental effect on the brain in diabetes and its role should be studied further.
